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摘 要 
船舶是远洋运输和海洋军事发展的一个重要的工具。然而由于海浪、海风等
复杂因素的干扰，船舶在海上航行时不可避免的会产生各种摇摆，这对船舶航行
的稳定性、船上人员舒适性以及船上作业的开展都有非常不利的影响。因而探究
海浪对船舶的作用，研究船舶在海上航行的运动特性至关重要。 
本文首先介绍了海浪的运动规律、特征参数和表述方式以及长峰波随机海浪
数学模型。并用切片法原理对船舶受到的海浪干扰力和干扰力矩进行详细的受力
分析，求得船舶受到海浪的六自由度干扰力和干扰力矩，并用 Matlab 进行数值
仿真，得到了在不同航向角下船舶各个自由度受到的海浪干扰力随时间的变化。 
其次，将船舶受到的干扰力和干扰力矩代入耦合的六自由度运动方程，用龙
格-库塔法求解微分方程，求得船舶的橫摇角度、纵摇角度以及升沉量。用 Matlab
进行数值仿真，模拟了船舶在不同风速和不同航向角下的纵、横摇及升沉运动。 
接着为了降低计算量，简化模型，提高仿真速度，不考虑各个自由度之间的
耦合关系，把船舶各个方向运动当作独立的运动，建立起了船舶在海浪中运动的
非耦合的二阶系统模型，并进行 Matlab 数值仿真，得到不同航向角下船舶的纵、
横摇和升沉。将仿真结果与耦合的六自由度运动方程仿真结果进行对比，验证了
非耦合模型的正确性与求解的快速性。 
最后，利用 Visual C++和 OpenGL 混合编程的方法，构建了符合海浪运动规
律的虚拟海洋环境网格模型，并导入船舶运动模型，求得船舶在海浪上的纵、横
摇和升沉运动，真实而动态的模拟了船舶在不同海况下的摇荡运动。 
 
关键词：切片法；海浪干扰力；船舶运动；虚拟现实 
 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
基于切片法的海浪干扰力分析及船舶运动仿真研究 
II 
 
 
  
 
 
 
 
 
 
 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Abstract 
III 
 
Abstract 
The ship is an important tool for ocean-going and marine military development 
However， due to the interference of complex factors such as waves， sea breezes and 
so on， the ship will inevitably produce various swaying at sea， which has a very 
detrimental effect on the stability of the ship's voyage， the comfort of the ship and 
the operation of the ship. It is therefore important to explore the role of the waves in 
the ship and to study the performance of the ship at sea. 
This paper firstly introduces the movement rule， characteristic parameters and 
the way of expression of ocean waves，  then long wave peak random wave 
mathematical model is established. And the principle of the slice method is used to 
analyze the wave disturbance and disturbance torque of the ship. The 
six-degree-of-freedom interference and disturbance torque of the ship are obtained by 
the waves， and the numerical simulation is carried out by using Matlab. The degree 
of freedom of the waves affected by the change of time. 
Then the disturbance force and interference torque of the ship are substituted into 
the coupled six - degree - of - freedom motion differential equation， and the 
differential equation is solved by the Runge - Kutta method， and the ship 's roll 
angle， pitch angle and heave are obtained. Using Matlab for numerical simulation. 
And simulates the pitch， roll and sink of the ship under different heading speeds. 
Then， in order to reduce the computational complexity， simplify the model， 
improve the simulation speed， regardless of the coupling between the various 
degrees of freedom， the ship in the direction of movement as an independent 
movement， the ship in the waves to establish the movement of the uncoupled 
second- And the numerical simulation of Matlab is carried out to obtain the vertical 
and horizontal roll and sink of the ship under different heading angles. The simulation 
results are compared with the simulation results of the coupled six - degree - of - 
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freedom differential equations， and the correctness of the uncoupled differential 
model and the fastness of the solution are verified. 
Finally， the virtual ocean environment grid model conforming to the law of 
wave motion is constructed by using Visual C ++ and OpenGL mixed programming 
method， and the ship movement model is introduced to find the vertical， rolling and 
sinking movement of the ship on the waves. A dynamic simulation of the ship in 
different sea conditions of the swing movement. 
 
Keywords: Slice Method；Wave Disturbance; Ship Movement; Virtual Reality 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目 录 
V 
 
目录 
第一章 绪论 .............................................................................................. 1 
1.1 课题研究的背景和意义 ................................................................................ 1 
1.2 国内外研究现状 ............................................................................................ 2 
1.2.1 海浪运动建模 ........................................................................................ 2 
1.2.2 船舶运动建模 ........................................................................................ 4 
1.2.3 虚拟现实仿真技术 ................................................................................. 6 
1.3 论文结构安排 ................................................................................................ 7 
第二章 耦合的六自由度船舶运动方程 .................................................. 8 
2.1 坐标系 ............................................................................................................ 8 
2.2 海浪运动建模 ................................................................................................ 9 
2.2.1 平面进行波 ............................................................................................ 9 
2.2.2 随机海浪 .............................................................................................. 10 
2.2.3 海浪谱 .................................................................................................. 11 
2.3 船舶运动动力学方程 .................................................................................. 13 
2.3.1 船舶摇荡特性 ...................................................................................... 13 
2.3.2 切片法理论概述 .................................................................................. 14 
2.3.3 船舶运动动力学方程 .......................................................................... 15 
2.3.4 船舶纵向耦合运动 .............................................................................. 16 
2.3.5 船舶横向耦合运动 .............................................................................. 17 
2.4遭遇角和遭遇频率 ....................................................................................... 19 
2.5本章小结 ....................................................................................................... 21 
第三章 船舶在海浪中所受波浪力及船舶摇摆运动 ............................ 22 
3.1斯密斯效应 ................................................................................................... 22 
3.2海浪作用于船舶的干扰力和干扰力矩 ....................................................... 22 
厦
门
大
学
博
硕
士
论
文
摘
要
库
基于切片法的海浪干扰力分析及船舶运动仿真研究 
 
VI 
 
3.2.1 垂荡干扰力和纵摇干扰力矩 .............................................................. 23 
3.2.2 横荡干扰力和艏摇干扰力矩 .............................................................. 26 
3.2.3 横摇干扰力矩和纵荡干扰力 .............................................................. 28 
3.3 长峰波对船舶干扰力和干扰力矩的实时仿真 .......................................... 28 
3.3.1 谐波的叠加 ........................................................................................... 28 
3.3.2 不同航向角下船舶所受干扰力和干扰力矩的仿真 .......................... 29 
3.4 长峰波下船舶纵横摇和升沉运动实时仿真 .............................................. 33 
3.4.1 龙格-库塔法解微分方程 .................................................................... 33 
3.4.2 不同航向角对船舶摇荡运动的影响 .................................................. 35 
3.4.3 不同航速对船舶摇荡运动的影响 ...................................................... 37 
3.5本章小结 ....................................................................................................... 40 
第四章 非耦合的船舶运动动力学方程 ................................................ 41 
4.1 实时波倾角的计算和仿真 .......................................................................... 41 
4.2 非耦合的船舶运动微分方程 ...................................................................... 42 
4.2.1 船舶橫摇运动 ...................................................................................... 43 
4.2.2 船舶纵摇和升沉运动 .......................................................................... 50 
4.3船舶摇摆运动数值仿真 ............................................................................... 52 
4.4 不同航向角下耦合模型与非耦合模型对比 .............................................. 55 
4.5本章小结 ....................................................................................................... 57 
第五章 虚拟现实仿真 ............................................................................ 59 
5.1 OpenGL简介 ............................................................................................... 59 
5.1.1 OpenGL 基本工作流程 ........................................................................ 60 
5.1.2 OpenGL 函数库 .................................................................................... 61 
5.2 船舶运动的仿真实现 .................................................................................. 62 
5.2.1 海浪场景的绘制 .................................................................................. 62 
5.2.2 船舶模型的导入 .................................................................................. 64 
5.2.3 船舶摇摆运动 ...................................................................................... 66 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目 录 
VII 
 
5.3 本章小结 ...................................................................................................... 69 
第六章 总结和展望 ................................................................................ 70 
参考文献................................................................................................... 71 
致 谢 ......................................................................................................... 75 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 厦
门
大
学
博
硕
士
论
文
摘
要
库
基于切片法的海浪干扰力分析及船舶运动仿真研究 
 
VIII 
 
 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
CONTENTS 
IX 
 
CONTENTS 
Chapter1 Introduction .............................................................................. 1 
1.1 Background and Significance ....................................................................... 1 
1.2 Status at home and aborad ............................................................................ 2 
1.2.1 Wave motion modeling ........................................................................... 2 
1.2.2 Ship movement modeling ....................................................................... 4 
1.2.3 Virtual reality simulation technology ...................................................... 6 
1.3 Arrangement of paper structure ................................................................... 7 
Chapter2 Coupled six - degree - of - freedom ship motion equation ... 8 
2.1 Coordinate System ......................................................................................... 8 
2.2 Wave motion modeling .................................................................................. 9 
2.2.1 Plane wave .............................................................................................. 9 
2.2.2 Random waves ...................................................................................... 10 
2.2.3 Wave spectrum ...................................................................................... 11 
2.3 Differential equation of ship motion .......................................................... 13 
2.3.1 Ship swaying characteristics ................................................................. 13 
2.3.2 Summary of Slice Theory ..................................................................... 14 
2.3.3 Establishment of differential equation for ship motion ........................ 15 
2.3.4 Longitudinal coupling movement of ships ........................................... 16 
2.3.5 Transverse coupling movement of ships ............................................... 17 
2.4 Encounter angle and frequency of encounter ............................................ 19 
2.5 Summary ....................................................................................................... 21 
Chapter3 The wave force of the ship in the waves and the ship swing 
movement ................................................................................................. 22 
3.1 Smith effect ................................................................................................... 22 
3.2 The interference of the waves on the ship and the disturbance torque... 22 
厦
门
大
学
博
硕
士
论
文
摘
要
库
基于切片法的海浪干扰力分析及船舶运动仿真研究 
 
X 
 
3.2.1 Healing disturbance and pitching torque .............................................. 23 
3.2.2 Turbulence disturbance and bow shake interference torque ................. 26 
3.2.3 Fulcling Disturbance Torque and Pandemic Disturbance ..................... 28 
3.3 Real - time Simulation of Ship 's Disturbance and Disturbance Torque 
by Long Peak Wave.................................................................................................... 28 
3.3.1 Wave superposition ............................................................................... 28 
3.3.2 Simulation of Disturbance and Disturbance Torque of Ships under 
Different Heading Corners ........................................................................................... 29 
3.4 Real - time Simulation of Pitching and Rolling and Rise of Ship under 
Long Peak Wave ......................................................................................................... 33 
3.4.1 Longge - Kutta Solution for Differential Equations ............................. 33 
3.4.2 Influence of Different Course Angle on Ship 's Swing Motion ............ 35 
3.4.3 Influence of Different Speed Velocity on Ship 's Swing Motion .......... 37 
3.5 Summary ....................................................................................................... 40 
Chapter4 Uncoupled Differential Equation of Ship Motion .............. 41 
4.1 Calculation and simulation of real - time wave inclination ...................... 41 
4.2 Uncoupled Differential Equation of Ship Motion ..................................... 42 
4.2.1 Ship rolling motion ............................................................................... 43 
4.2.2 Ship pitching and sinking movement .................................................... 50 
4.3 Numerical Simulation of Ship Swing Motion ............................................ 52 
4.4 Comparison of Coupled Model and Uncoupled Model under Different 
Heading Corners ........................................................................................................ 55 
4.5 Summary ....................................................................................................... 57 
Chapter 5 Virtual reality simulation ..................................................... 59 
5.1 Introduction to OpenGL ............................................................................. 59 
5.1.1 Basic workflow of OpenGL .................................................................. 60 
5.1.2 Library of OpenGL ............................................................................... 61 
5.2 Realization of ship motion simulation ........................................................ 62 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.
厦
门
大
学
博
硕
士
论
文
摘
要
库
